A loop system was used to investigate flow-assisted corrosion (FAC) of AZ91D magnesium alloy at an elbow based on array electrode technology by potentiodynamic polarization, computational fluid dynamics, simulation and surface analysis. The experimental results demonstrate the fluid hydrodynamics plays a significant role in the FAC of AZ91D magnesium alloy. The corrosion rate increases from the outer wall to the inner wall of the elbow, with the higher corrosion rate corresponding to the higher flow velocity and larger shear stress at the elbow. The maximum corrosion rate appears at the innermost wall of the elbow, the location with the maximum flow velocity and shear stress.
Introduction
Magnesium alloys appear to be promising alternatives to aluminum alloys and steel used in the automotive industry because of their light density, high strength-to-weight ratio, and good mechanical properties [1, 2] , especially in the cooling system of an engine block. However, the corrosion of magnesium alloys is a serious problem in the cooling system of an engine block [3] , which restricts their applications. During the past decade, there were many research works which focused on the corrosion behaviour and mechanism of magnesium alloys [4] [5] [6] [7] [8] [9] [10] [11] .
AZ91D magnesium alloy is one of the most popular magnesium alloys used today. Although many works have been done to investigate its corrosion behaviour and mechanism in a static medium [12] , there is no report about its corrosion behaviour and mechanism in a flow medium. Since the fluid flow has significant effects on the mass transfer process and the removal of corrosion products on the electrode surface [13] , the different corrosion behaviour of AZ91D magnesium alloy is expected in a flow medium.
Flow-assisted corrosion (FAC), caused by the combined action of corrosion and fluid flow, is one of the main reasons resulting in failure of heat exchanger [14] . At present, rotating disk electrode (RDE) or rotating cylinder electrode (RCE) [15] [16] [17] , impingement jet systems [18] [19] [20] [21] [22] [23] [24] , and loop systems [13, 25, 26] have been used extensively for FAC investigation. However, RDE, RCE, and impingement jet systems could not really reflect the flow pattern of fluid in a pipe, especially at an elbow. Therefore, a loop system should be applied to simulate the realistic flow environments in a pipe.
Elbow is an important part of heat exchanger configuration. However, the flow pattern will occur to great changes in flow direction and flow velocity in a 90 ∘ elbow, resulting in significant difference in the corrosion behaviour at different locations of the elbow [27] . Due to the sudden change in the flow pattern, the wall thinning is further exacerbated by FAC at the elbow. Therefore, FAC at the elbow is rather serious among the damage of heat exchanger. Apparently, there should be correlation between the corrosion behaviour at different locations of the elbow and the flow pattern. However, there have been few works to study the different corrosion behaviour at different locations of an elbow [13] . Array electrode technique, a configuration of multielectrode system, can be used for studying the different corrosion behaviour at different locations of the elbow. Based on array electrode technology, a loop system was designed and used to investigate the FAC of AZ91D magnesium alloy at a 90 ∘ elbow in circulating ASTM D1384-87 solution by potentiodynamic polarization, computational fluid dynamics (CFD) simulation, and surface analysis in this work. The corrosion behaviour and mechanism at different locations of the elbow were investigated to determine the effect of fluid hydrodynamics and the correlation between the corrosion behaviour and the distributions of flow velocity and shear stress at a 90 ∘ elbow. Figure 1(a) shows the circulating loop system used for FAC test. It consisted of pipes, a centrifugal pump, a container, a pressure gage, a flow meter, and array electrode test section. The solution was supplied from a 125L container and circulated through the centrifugal pump. The flow velocity was controlled by controlling the pump rotational speed using a controller. The flow velocity in this study is 5.31 m/s, which was measured by the flow meter. The loop system was made of 316L stainless steel pipe with the inner diameter of 50 mm. After pretreatment, array electrodes were mounted into the elbow test section with the same spacing distance in flow direction. Figure 1(b) shows the schematic diagram of the test section. Figure 1(c) shows the photograph of the test section with 20 specimens at the elbow. The exposed surfaces of array electrodes were in accordance with the internal surface of pipe, as shown in Figure 1 (d). The 20 specimens at the elbow are symmetrical with respect to the central plane of pipe. In addition, a specimen (electrode 1) is in the straight pipe before the outlet of the elbow, and one specimen (electrode 7) is in the straight pipe after the inlet of the elbow.
Experimental

Loop System for FAC Test.
Electrode and Solutions.
The array electrodes were made up of AZ91D magnesium alloy with identical diameter of 5 mm (surface area of 19.625 mm 2 ) and height of 60 mm. The specimens were embedded in epoxy resin, leaving a working area of 19.625 mm 2 . The working surface was polished with 1200 grit emery papers and then cleaned by distilled water and pure ethanol.
The test solution is ASTM D1384-87 solution containing 148 mg/L (1.04 mM) Na 2 SO 4 + 138 mg/L (1.64 mM) NaHCO 3 + 165 mg/L (2.82 mM) NaCl, which was made up from analytical grade reagents and deionized water. The pH of the solution is 8.2.
Potentiodynamic Polarization
Measurements. An electrochemical test system was used for potentiodynamic polarization curve measurement during the FAC test. A threeelectrode electrochemical cell was constructed with array electrodes as working electrodes (WE), a platinum plate as counter electrode (CE), and a saturated calomel electrode (SCE) as reference electrode (RE), and CE and RE were located at the straight pipe before the inlet of the elbow and closer to the array electrodes, as shown in Figure 1 (a). Potentiodynamic polarization curve was measured at a potential sweep rate of 1 mV/s after the working electrode had reached a steady state in the solution [28] . For the reproducibility, the polarization curve measurements were repeated more than three times. The test was performed with the flow velocity of 5.31 m/s at room temperature (about 25 ∘ C) and an atmospheric pressure.
Surface Morphology Analysis after FAC Test.
After FAC test, the surface morphologies of array electrodes were observed by an optical microscope (VHX-1000E, Keyence, Japan).
CFD Simulation.
Professional fluid simulation software Fluent was employed to perform CFD simulation. Preprocessing software Gambit was used to establish the geometric model. The straight section before the inlet of the elbow was set as 0.5 m and the straight section before the outlet of 
Results
Potentiodynamic Polarization Curve Measurement.
Potentiodynamic polarization curves of AZ91D magnesium alloy array electrodes under the flow condition with 5.31 m/s are shown in Figure 2 . It is seen from Figure 2 that these electrodes are in an active dissolution state under the flow condition, and the polarization curves of all the specimens exhibit the similar shape. The polarization curves can be analyzed through cathodic Tafel extrapolation [28] . The electrochemical parameters, including corrosion potential ( corr ), corrosion current density ( corr ), and cathodic Tafel slope ( ), are fitted and listed in Table 1 . Figure 3 shows the distribution of corrosion current densities of array electrodes at the elbow. According to Figure 3 , the corrosion current density increases from the outer wall to the inner wall of the elbow, and the maximum corrosion current density appears at the innermost side of the elbow. At the outermost side of the elbow, the corrosion current density decreases at first and then increases along the direction of fluid flow. However, the corrosion current density gradually increases from electrode 8 to electrode 11 and from electrode 12 to electrode 14 along the direction of fluid flow, which indicates the corrosion rate gradually increases from electrode 8 to electrode 11 and from electrode 12 to electrode 14 along the direction of fluid flow, respectively. (Figure 4(b) ), the shear stress also decreases from the innermost wall to the outermost wall, with the largest shear stress about 80.7 Pa and the smallest shear stress about 34.0 Pa. At the outermost side of the elbow, the shear stress decreases at first and then increases along the direction of fluid flow. In the straight section before the inlet of the elbow, the distribution of shear stress is uniform about 55.2 Pa. Based on above analysis, a conclusion could be drawn that the higher flow velocity corresponds to the larger shear stress and the lower flow velocity corresponds to the smaller shear stress at the elbow. Figure 5 shows the surface morphologies of the electrode after corrosion under static state condition for 4 h. It is obviously seen from Figure 5 that there is a compact corrosion product film on the electrode surface. Figure 6 shows the surface morphologies of representative AZ91D magnesium alloy array electrodes after FAC test for 4 h. It is seen from Figure 6 that there are obvious cutting tracks on the surface of these electrodes. Furthermore, the scale of the corrosion product films becomes more and more greater from the inside to the outside of the elbow. This can be explained that the removal of corrosion products on the electrode surface is easy with the high flow velocity and the large shear stress, but it is difficult for corrosion products to remove with the low flow velocity and the small shear stress.
CFD Simulation.
Surface Morphology Analysis after FAC Test.
Discussion
The corrosion of magnesium alloys in chloride-containing solution should include anodic dissolution of magnesium and cathodic hydrogen evolution [12] , which can always be expressed as the following reaction:
Although the corrosion mechanism of magnesium alloys may involve many complicated intermediate steps [5] , the overall corrosion reaction can always be expressed as the following reaction:
Therefore, a corrosion product film consisting of Mg (OH) 2 can be formed on magnesium alloy surface.
Potentiodynamic polarization measurement demonstrates that the electrochemical activity and corrosion behaviour of AZ91D magnesium alloy array electrodes are different at different locations of the elbow in circulating ASTM D1384-87 solution, as indicated in Figure 2 . According to Figure 2 , AZ91D magnesium alloy is in an active dissolution state in the flowing solution, which can be attributed that fluid flow enhances the convection and diffusion of reactive species, accelerating the corrosion electrochemical reactions. Simultaneously, the severity of the erosive/abrasive attack to AZ91D magnesium alloy electrodes increases with increasing fluid flow velocity and shear stress, resulting in the more active electrode state and thus increasing corrosion rate of AZ91D magnesium alloy. In this work, the CFD simulation indicates that there are quite different fluid flow velocities and shear stress at different locations along the elbow due to the geometrical change. The maximum corrosion rate appears at the innermost wall of the elbow with the maximum flow velocity and shear stress. The corrosion rate decreases from the innermost wall to the outermost wall of the elbow, with the higher corrosion rate corresponding to the higher flow velocity and the larger shear stress at the elbow. In the outermost wall of the elbow, the corrosion rate decreases at first and then increases along the direction of fluid flow, with the same variation for fluid flow velocity and shear stress. By comparing the CFD simulation results to the experimental results, it is demonstrated that fluid hydrodynamics plays a significant role in the FAC of AZ91D magnesium alloy. This can be explained by the fact that the velocity gradient near the wall and shear stress on the electrode surface are high under the high flow velocity condition. Then, the mass transfer rate is higher at the inner wall than that at the outer wall which is caused by the hydrodynamics change due to the geometrical configuration and orientation at the elbow [13] . Therefore, the comparison of electrochemical measurement with CFD simulation shows that a highly active AZ91D magnesium alloy electrode with a high dissolution rate is associated with a high flow velocity and a large shear stress at the elbow.
Additionally, the surface morphologies show that the scale of the corrosion product films at the inner wall is smaller than that at the outer wall at the elbow. At the inner wall, the removal of corrosion products on the electrode surface is easy due to the high flow velocity and the large shear stress, accompanied with the increase of corrosion rate, while the corrosion products are relatively difficult to remove at the outer wall due to the low flow velocity and the small shear stress, resulting in a relatively low corrosion rate. Apparently, fluid hydrodynamics plays a significant role in the FAC of AZ91D magnesium alloy.
Conclusion
Based on array electrode technology, FAC of AZ91D magnesium alloy at an elbow was investigated in loop system by potentiodynamic polarization, computational fluid dynamics simulation, and surface analysis. It is demonstrated that fluid hydrodynamics plays a significant role in the FAC of AZ91D magnesium alloy, and the distribution of the corrosion rates is in good accordance with the distributions of fluid flow velocity and shear stress at the elbow. The corrosion rate increases from the outer wall to the inner wall of the elbow, with the higher corrosion rate corresponding to the higher flow velocity and the larger shear stress at the elbow. In the outermost wall of the elbow, the corrosion rate decreases at first and then increases along the direction of fluid flow, with the same variation for fluid flow velocity and shear stress. The maximum corrosion rate appears at the innermost wall of the elbow, the location with the maximum flow velocity and shear stress.
